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documents prepared for manugerial purposes,

recards of sclentitic and technical work of a permanent value intended for other
sclentists and technologists working in the tiald,

intended primarlly for disseminating Information within the DSTO. Thay ars
usually tentative in nature and reflect the parsonal views of the author,
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A MATHEMATICAL MODEL FOR SIMULATING INFRARED IMAGES OF SHIPS

0.8, Scott

SUMMARY

This elemsnt-contribution model s programmed so that the
distribution of infrared radiation from a ship target can
be calculated for any aspect and any infrared waveband.
The present application ia to simulate the images formed
by the guidance system of an imaging infrared antiship
mismile.

The input data nseded are the surfdace temperatures and
emissivities and shapes of the main structures and the
squivalent black body temperatures of the sky and sea
surface. Ths shape of each ship is represented as a
number of 'boxes' with sach side and the top of aeach box
representead by faces of elementary cubes., The positions
and the ceutres of edch face are calculated from the
positions of three rows of elementary faces measured from
plans for sach box,

Tho output im an array of numbers representing the radiant
intensity from the unscreened faces in the raeyuiraed
direction and for tho defined waveband. This arruy can be
corvertad to a colour-coded image on a video display for
testing dand pressntation purposes.

POSTAL ADDRESS: Director, Electronics Research Laboratory,
Box 2151, GPO, Adelaide, South Australia, 5001.
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1. INTRODUCTION

Bhips may be attacked by sua~akimming missiles and guided bombs which have
infrared guidance systems, Infrared and Optical Countermeasures Group at
Electronics Resesarch lLaboratory has been tasked by the Royal Australian Navy
to investigate the vulnerability of ships to infrared weapons, and to study
the effectiveness of possible countexmeasures such as asignature raduction and
the use of decoys, Guidance aystems of the imaging type are likely to ba
espacially difficult to counter by decoys, because the spatial distribution of
radiation from the target in the guidance system wavebsnd must be approximated
by the decoy, Good represantations of the spatial distribution of radiation
from targets are therafore nesded for countermeasures studies.

This report describes a targel model for use with simulations of imaging
infrared systems with specified wavebands which may be used together with a
missils model and an atmospheric attenuation model to study tha effectiveneas
of infrared countermoasures,

The target model is outlined in BSection 2, and described in detail In
Section 3. BSamples of the displaysd vutput are given in figure 1,

2. OUTLINE OF METHOD

The objectivy of the simulation i to provide the distribution of target
radiant intersity presentud perpendicular to the sight line from the minsile.
This is achisved by considering small slements of the ship surfaces in turn,
and calculating their positions and whethe. or not they are visible from the
missila, If they axm not ncresned by other olements tha positions of their
?rojnotlon- on a plane perpendicular to the sight line from the miasile (the
output' plane) are calculated, and small areas centred on these projeations
are recorded as parts of the projected image., At the same time theae areas
are assigned the temperatures, emissivities and inclinationn to the vertical
aspociated with the elements oconcerned, which are those assigned to the
surfaces of the major structures of the ship.

The shape of the ship is defined in terms of a small number of boxes, with
aach face of each box vonmideved as made up of a large numbar of slementary
faces. Thess elementary faces ars thes visible faces of the largs number of
elementary cubes reprasenting the box shape. The calculations for the
projections are bssed on the alament positions relative to ship axes, and the
positions of the misemile and ship and ths heading of ths ship in reference
axes (figure 2).

Av a simpls axample, figure 3 represents a target conuidured as ons box only.
Th¢ shaps data are the 3 coordinates of the centres of the squares in the top
row and bottom row of the starboard side; and tha y coordinates of the centrem
of the squares in the starboard mide vow of the top facs, al]l measured from
the first x position at the stern to tho last at the bow. These three sets of
data are used as described in Section 3.2 to defina the positions of every
slemental face in each face of the Lox.

The tomparaturs, enmissivity and inclination data are the separate values
assigned for the whole of the top, port nide, starboard side, stern and bow,
If as shown the box comes to a point au the bow, thers is no bow face. The
valuss of tempsraturs may be nominal values or valuos calculated as describad
in Section 5.3, A nominal 'ship centre' is aleo defined in the ship axis
system. The decks are assumed to ba horizontal, and the sides vartical unless
otharwise defined.
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There can be saversl diffmraont elements corresponding to any givan point on
the output plans. A calculation of rangs to the missile 18 carried out for
each eleament to ensura that tha one closust to the missile is used to define
thu surface temperatura for sach output plane point.

Tho array of temparaturss corresponding to elements of the output plane ia
converted to an array of radiant intensitiex by uming:

(a) the presanted area repressnted by each elsment;
(b) the temperature and emismivity of each alement;

(c) the appropriate gray-body distributions convolved with thk oayuired
spectral responses; and

(d) the inclination of each element, and sky and sea surfatw equivalent
black body tempersturas which are raquisred for the calculation of ship
surface radiances,

A spectral distribution of the radiant intensity is retainad for each value of
tamperature used so that the results may ba further convolved with an
atmospheric tranamismion model and any other seskar waveband when raquired,

The rerulus may be presented as an arrsy of shrface temperatures or rvadlant
intensities, or as a colour-voded image.

3}, DESCRIPTION OF MODEL
3.1 Input required

The input saction is the first part of the flow diagram of tha model shown
in figure 4, After initialising the variables, the program prompts the
user to supply details of ths engagemsnt to be simulated. It is necessary
to supply the position and heading of the ship, and the missile position,
all with respect to a wet of refersnce axes; and to define the particular
ship which is t: be simulated and the type of output display required. At
this stage it is possible to limit the calculations to one of two infrared
wavebands (3 to 5 um or 8 to 14 um).

The data defining the shape and temporatures of the designated vessel are
thon read from the appropriate file, which defines the small number of
"hoxen" usad to rmpreaent the shaps, and the three arcays of coordinates
defining the atarboard fuce of each box as described {n figure 3. It aleo
includen the temparatures eminsivities and inclinations to be ausignad to
sach face of each box.

The temperatures used are derived from values measur 4 {n overcast
condit ionm. Temperature increasas caussd by solar ' .ating may be
incorporated by incrementing these temperaturos a Jdeacribed in
Section §.3,

3.2 Calculations
3,2.1 Face perimeters

The ponitions of all the elements forming boundaries of faces for sach
box are calculated by reflection and manipulation of the input data read
from file,

N
AN @&
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The pomitions of the eleme¢nta in the perimetsr of the port face of aeach
box are obtained from a simple veflsction of the input starboard face
Jdats in the x-r plane which is the plane of symmetry of the ship,

The perimeter of the top face of aach box s obtuained from the input
date for the top of the starboard face together with the same data
reflectad in the x-2z plane.

The stern face is connidered to be vertical with boundaries defined by
tha positions of the rear upper and lower corners of the starboard and
port faces. If the smtern upper elements of the port aud starboard aides
are adjacent, there isx no tern face.

The perimater of the front face is similarly defined from the poisitions
of the bow upper and lower alemants of the port and starboard faces,

3.2.2 Galculation of computing loop limits

The computations on the surface alamentc to determine their projected
positions on the outbut plane, and their radiance values are carriaed out
in "nestad" i{tarations. The outer nest covers the box number, and the
naxt the faco number (eg Starbosrd-l, Port-2, Top-3, Stern«4, Bow-$),
The next nest covers the sections along the ship axls (the x coordinate
changes) from the stern to the bow. Ths final loop is sither:

(a) ovar the vange of values of height (z) at conatant distance from
the x-g plane (y) for the vertical sides; or

(b) over the rangs of values of y from ona uide to the other of the
flat top at aconstant s; or

(6} over the rangs of values of both y and » for the stern and bow,

It should be noted that the cross sections of all faces parpendicular to
the 2 axis are represanted as sither vertical or horizontal lines., 'This
limitation dose not affect the appearance of the images to  any
noticsable degrea, Howaver the inclinations of the faces to the
vertical are taken into account for calculating the contributions of
reflaction from sky and mea surface to total radiant intensities (mee
Appendix II),

3.2.3 Element mapping

The rotation constants, which depsnd on the heading of tho whip and its
position relative to the mismila, and which sre independent of powition
on the ship, are calculated in & subvoutine outnide the {teration loops
in which the mapping of elemunt positions onte the output plane are
porformed,

The mapping 4ip carried out by oconverting the x,y,s coordinatus of
individual elements into three coordinates (\v. yp, zp) in & aysatem
where X i the direction from obsarvar to shi; Yp has the direction of
V2R N Xp whera v i{s the upward vartical, and zp completes the right handed
orthogonal set., 2 Yp is the Sutput plene and yp. np the coordinatus of
the projected point in this plane. The equation for thim convearsion im:
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whare A,, A are the tamiliar rotation matrices (sec Appendix 1) and ¢
and 0 are rotations which are darived in Appendix 1.

As oach element is mappad onto the output plane, xp provides a measure

of the ranga from the element to the wissile. The temparature assigned
to each position in the output plane is that associated with the ulement
closest to the missile which has been mapped onto that position. By
this means the masking of any part of the ship by any other part is
incorporated in tha modal.

Owing to rounding errors In the computations it was found that small
sactions of the rotatad image were blank or showed sections which should
have been manked, This was overcome by assigning the temperature of any
olemant of the output plane to the next in increasing valua of yp and np

(and a fourth alemant to complste the square), These additional
elementes wers normally overwrittan by subnoguent mapping, but tha effact
was to fill in the minor gaps. A further effect of this technique waa
to increase the size of each mapped face by one olement in thae yp

diraction and one element in the zp divection, If the alement aire is

small cumparad with the face size this effect I of uo conasguunco. The
effect can howaever be eliminated by reducing the input data valuas by
one unit in carh direction.

3.2.4 Calculation of radiated and roeflected radiant intensitioms

The radiant intansity of each elament of the output plane array dapsnda
on the presented area A {t roprasonts (which 1w the same for all
elements in the output plana), the temperaturs (T°K) and emissivity (c)
of the whip olement it reprosents, aad the infrared waveband chosan,
The radiant intonsition (W/nr) are calculated uning thoe Planck formula:

Mo e
*")’ T nxp((],/k'l')'l
Ay

where C, and C, are the (irut and wsecond radintion constants
3.74 x 1071 W cm?, and 1.438 cm®K respectively, A is wavelength in
centimetves, and Bk ia tha normalised syectral sansitivicy
characteristic of the smenvor from wavelungth A\, to \,.

In addition to the energy vadiated from the murface, a proportion of the

snergy originating in tha hemisphero it wubtends is reflocted. The
additional radisnt intensity from this source is given by:

',

> %
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An expression for ET' the energy received from the backgreund by the

element, I8 derived in Appendix II. Tha case consideved is for a
uniform sea background, a sky background radlance which is a function of
elevation anglis only, and a parfectly diffusn surface of the alement A.

In order to calculate the irradiance at the missile from each element it
is alsc neceasary to incorporate the atmospharic transmission (tx) in

the integration of equation (3). At present this is performad by ualng
Lowtran(xaf.1).

Bince there are in general only about ten boxss each with five faces,
thersa are only about f£ifty temperatures to consider. The radiant
intensity and dirradiance calculations are performed onutside the
iteration loops and only once for each valie of tempurature assignad in
the model to avoid repeating the calculations for each elamont,

3,3 Output presentation

The output may boe presented as a printad arxay of the values of murface
temperature, vadiant dintensity, or irradiance; or as an arruy of aymbols
with a key for convermion to thu necessary valuas,

A biack and white wshaded Image can be used to reprosent the apatial
distribution of tamporaturo, radiant intensity or irradiance with an
sppropridte key, and colour can ba used instead of or as waell as shading.

The typs of prasentation raquired is nelected by the unar at the start of
the simulation.

4. PREBENT APPLICATION OF THE MODEL

The target model is intended to be part of a wimulation of minkile attuacks on
ships, during which infrared countermeasvires may be used. B8c far the geometry
of an FFG Frigate (NHMAS Canberra), a Destroyer Escort (HMAS Torrens) and a
Guided Minsile Dantroyer (HMAS Parth), and a Coastal Mineswsaper (MHI) have
boan modelled, Surfaca temperaturan have baan derivod from trialw in which
tharmovision cameras recorded the infrarad images of soms of theso shipa.

The background is ropresentad as a conwtant lrradiance From the ses wurfoace,
nnd an irradiance equivalent to thav from a black body at ambient tempurature
(with no atmoapheric attenuation) for the horizon sky. The irradiance from
the wky raoduces to nero linearly with olavation uangle up to 90°.,  This
rapresantation  raequires rafinemunt for rapromantations of  wpecific
onvironments., ‘The pomition of the waterline on the wship relative to the
horigon ims calculated from tho haight of the minsils, the range of the ship,
and the radius of the earth (Appendix 111),

5.  MOUEL DEVELOPMENT
5.1 Iryadiance from wxhaust plumes
For minsiles using vhe infrarad waveband which covers the carbon dioxida
aminnions near 4.4 ym, the engine exhaunt plumes can be wignificant

sources. This is particularly so for tho FFQ vasaals which have gan
turbina engines,
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A neries of trials wers carriad out for varioua purposes on an FF@ in
March 1983(ref.2). Tha video records of plume signaturos are being
analysed in an attempt to derive empirical models of:

(a) irradiance from tha plumes as a4 function of range, aspect, and
engina condition; and

(b) plume shapa as a function of wind speed and direction, ship specd
and divection, aspect, and engine condition.

During the same trials period limited measuroments were also made on a
destroysr escort with a steam turbine.

Examples of 8 to 14 and 3 to 5 um images of HMAR Canbarra are shown In
figure 5. The plume is the dominant faature of the 3 to 5 um signature of
tha FFG at ths range of the measurement., The Jmages whown wers producad
with the analysis system describud in reference 3.

It is hoped that it will be poasible to incorporate a thrao-dimenslonal
representation of FFO and DE plumas in the target model following anulysis
of trials data.

5.2 Background rapressntation
(1) Sea background

The radiance of the msea surface is partly grey-bady radiation nt thae wea
tempsrature and partly roflection of the sky. Hince sky radiance is in
genaral a function of olevation angla, the sea radiance will be &
function of the declination of the msight line, Sas roughness may be
considerad as the variation of alops of areas of surface with certain
upatial and temporal covralation characteristics. Variation of surface
angle will produce variationsn of tha reflocted component of wen
radiance., To produce a target model which incorporates smea clutter, the
surface shape variations must be todelled nso that the apatial and
temporal changes ars derived as functions of local wind wspead and
direction (and pommnibly other parametora affecting sem surface wnhape)
Such modals do exist, for example(ref.2,3), and considorable work ham
baeh carvied out to astimato the accuracy of modoel predictionn,

Fluctuations of background sighala are ofton the mochaninms for limiting
the datectability of targets with particular systeme, and may be oeven
more important in a countermeasures environment, 1t is rocommended that
4 dyunamic sua background model ba dovelopsd for use with tha prosont
target model,

%.3 Davivation of ahip surfaca temporatures
$.3,1 Kquilibrium temparatures of molar heated surfacea

To obtain initial esntimates of temparatures of the sunlit portions of
ship murfaces, the plates may be considered am wutficiently thin or
thermally conducting to allow both wsurfaces to be at the wame
temperaturuy, and to have nagligible thermal mass. The platen are
irradiated by the sun on one anide, and exchange heat by radiation and
convaction with the surrvoundings on hoth sides,

The thermal input powars per unit area of plate surface are:

¥ Ty
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(1) F‘COlu The solar irradiance on thn plate whare Fn in the

sea-level normal solar irradiance, and w ix the angle
of the normal of the plate to the solar sight-lino.

absolute
temperature T, onto side 1 of the plate Whare z_ is

tho eminsivity of tha plate surface, and o s
Stefan's Constant,

(2) :poT,' The radiation absorbod from ambient at

3 tpoT.' Aa (2) but for side 2 of the plate.
The thermal output powers per unit area of plate surface are:

(4) nF.conu The avlar radiation raflectad from the surface, winere
4 is tha plate surface reaflectivity for the solar sea
lavel spactrum,

(5) tpuT.‘ The radiation from the plate surface at tamperaturs
T' into ambient 1.

(6) tpaT“ As (5) but into ambient 2,

(7) (h‘+a‘V;)(T.'T;) The convection from surface 1 uf the plate
into ambient 1 whore hy and B, ave free and
forced convaction cosfficionts and V, ix
the wind velocity,

(8) (h.+b.V.)(T.-T.) The convection from surface 2 nf the plate
into ambilent 2.

The thermal power esquation for equilibrium is therefore:
F cosw + lpaT.' + :poT.“ = af comw + leoT.' + (h#B V(T =T
+ “ll"‘B]Vl ) (T. "T.)

This oquation can be solved to prouvide the values of T. by providing
Rnown valusas of F.. W, £, 0, a, Ty, Tay V. and V; and chooning
appropriate, valuean of h,, hy, B, and B,, the valuas for the outer

surface depending on windnpasd and aspect, It is expucted that
attributing values of V, for net wind spaad acrows the various facew of

the ship will be difficult, owing to tho dagres of

axposurs to or
shulter from the relative wind direction,

It ashould be noted that T, is an effertive temporature for the

hemisphers subtendad by & wurface. It can be obtained by messursment
using a roediometer with sufficiuntly wide wavetand to cover all
significant snergy inputs. Alternativaly T, could be caiculnced from

stmospharic data to include singla acattering and radiation

from the
moleculas of the atmonphere,
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5.3,2 Derivation of non-equilibrium surface temperatures

Because the plates of the ship do have thermal mass, the equilibrium
temperatures are only reached after some time of continuous irradiation
under constant conditions. In genaral solar irradiation is not constant
owing to changes of sun angle, cloud cover, and ship heading.

The equation of Section 5.3.1 car be modified to incorporate changes of
Fs and w and to include thermal time constants of plates based on their
thickness, specific gravity and specific heat. If the plates are thin
and of metal, thermal conduciivity should be sufficiently high to kaep
both surfaces at vewy similar tamperaturas,

In the absence of solar irradiation the outer surfaces of ths ship will
reach equilibrium temperatures between the inside temparatures (which
include those of funnels and engine rooms) and the outside ambients,

5.3,2 Davelopment of temperature prediction

The model may be developed by programming the equation of Section 5.3.1
and choosing the appropriate heat transfer coefficlents to provide
equilibrium temperatures. A solar position model im already available
to provide w from latitvde, longituds, zulu time, and ship geometry and
heading. :

Further development tc derive non-equilibrium temperatures along the
lines of referance 4, requires research on plate muterials and
thicknesses and ship internal temperatures. (For the Frigatas with
superstructure ¢f 4 inch  4luminium  the thermal capacity '8

4.1 W hm? %", The corresponding value for the steel hull is 10.4 or
8.65 depsonding on position.)

Buch developments would illow prediction of ship signatures after
planned voyages and could be valuable in special military circumstances.

5.4 Extension to other ships and military targets

It is intended that one of each of the major ship typas in the Royal
Australiua Navy will be modelled when suitable plans become available.

Although the intention is to develop methods of reducing the vulnerability
of RAN ships, it would also be reasonable to model foreign ships teo
investigatn their vulnerabiiity in the infrared wavebands.

The method carn &lsu be applisd to generating infrared images of other
military vehicles such as tanks.

A digital
devasloped.
images and

An aengine
waveband,
simulation
the ship

6. CONCLUSIONS AND RECOMMENDATIONS

model for generating the infrared images of ships has been
Shape data for four ships have been used with the model to produce
arrays of irradiances suitable for inputs to a missile model.

plume model i1s needed to complete the images in the 3 to 5 um
An improved representation of background radiances is required for
of specific situations., A detailed model of the thermal effects at
surfaces is necessary to extend the model so that surface

temperatures are calculated from the thevrmal lhistory.
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NOTATION

area (m')

rotation matrices

normalised spectral sensitivity at wavelength )
first radiation constant (W cm®)

sscond radiation constant (em °K)

irradisnce from background (W cm )

irradiance from upper hemisphers on area A (W)
irradiance from lower hemisphere on area A (W)
sea level normal solay irradiance (W cm ®)
radiant intensity (W sz %)

reflacted intensity (W ar ')

missile position in refarence system

range (km)

radius of Earth (km)

axes subscript for reference systenm

axes subscript for sight-line aystem
teamparaturs (°K)

target position in rofarence system
temperature of sea surface (°K)

velocity (cm » !)

axes systems

reflectivity
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elamental areas (cm®)

fres convection coefficient (W o * o1y
bow coordinate of ship slement
port coordinate of ship element

height coordinate of ship element
ship element coordinates in sight-line nystem

asimuth angle limit (*)

inclination to vertical (°)

forcad conveation coefticient (W m™! °K 4)
angle of reflaction (°)

declination of sight-line (°)

declination of horisen (°)

angular separation of horizon and night~ling (°)
smissivity

Euler rotation (°)

wavelength (um)

azimuth angle (°)

Btefan's constant (W m™* °k™%)

elevation angle (°)

Eulsr rotation (°)

angle of plate normal to sight-line "
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1
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ATIONS
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-
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APPENDIX I
DERIVATION OF ROTATION EQUATION
I.1 8ight-line axes (R2)

All points on the target ars mapped onto A plane parpendicular to tha sight
line from the missile to the target (thu output plane). 8ight-line axes
ars xRz in the direction of the sight line, YRz verpandicular to the upward
vertical and to xRa. and zRz to complete the right-handed orthogonal set,
1us

Xpa = (Tpy * Mpy)/ITqy = Mpyl

Yo = (Egy X Xgy)/1Zpy x Xpyl

Iy ® Xpa X Yga

whers TRl (xT, Yo 'T) and HR1 (x". Yy au) are the position vectors of the
targst and missile referrad to the or{gin of refersnce axes le. YRl' le
with le chossn to ba the upward voertical, The ship is assumed to be
moving perpendicular to the le axis with By = 0 and with no roll, pitch,
or yaw,

1.2 Rotation transform

Every point x, y, 8 referrad to target axes (xT bow, YT port, zT vertically
up) is expresased in coordinates (x_, y_, Ip) referred to sight=line axes,

the Y-2 plane of which is the output plans so that screening of any point
by another oan be checked, and te provide tho data for presentation of an
image of the ship as ween from the missile,

Two Eular rotations ¢ and 0 (figura I.1) are umed to rotate the target axes
(T) to align tham with the reference axes (R1). ¢ {s # rotation about ZT

to bring Y. to ' ™ Ypy» Perpendivular to Xo., and Xu to X' la

Yoo
¥ = arcta -YRZ :T
R2'°T

(and ¢ is the angle between the sight line and the ship bearing in the
horisontal plane). O is a rotation about the now Y' axis to bring the naw
X' axis into line with the Xpg xin

Yoo
6 u arctan <W%;2in—‘r‘>

(and 6 is the angle betwsen the sight line and the horizental plane). The
rotation transfora is:
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Xp x
< Yp )- A.con.cw(y )
%p [}
where
cosine wsine 0 conine 0 -~slne
Ay = Jezine cosine ¢f and A, = 0 1 0
0 0 1 sine 0 cosine
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APPENDIX II

MENT ORIGINATING FROM
BACKGROUND

II.1 Upper hemisphers

The background 'sky' radiance is assumed to be

a function of elavation
angle only. An element of sky background,

dA;, 1is represented by part of
the area of the inaide surface of & sphere of large radius R,

caps, which iz subtended by the plane element dA,
vertical (figure II.1),

batween two
inclined at & to the

1f the slement is at ¢ slevation and

p azimuth (figure I1.1) the radiation
falling onto dA; from dA, is:

dAy dA, (con¢ ¢osp cosa - sing sina) £(4)
R;?

W

where: dA, = R,? cosg d¢ dp cm?

and

, Aa

Gy A7 B, di
1 —— e st - -
f(¢) = " / axp Cp/0T(9) War ! en't
/ X

The enexrgy falling onto dA, from the whole

horizontal section of the sphers
is dEu, given by:

I
dEu = 2dA; cos¢ f(¢) d¢ cosd cosa [ cosp dp -
J

0

£
sin¢ sina /. dp| W

0 4

- et




P oy 2 e st e .

- 23 -
and the ensrgy falling onto dA; from the whole upper hamisphere

a

ﬂ-
E, = 2dA, |cosa /. cos? ¢ sinl £(¢) d¢
0

n-a
s

- sina j cosé sing § £(9) dd| W
0

where § = arcos (tang tuna)
II.2 Lower hemisphare

The apparsnt background sea radiance is assumed to ba constant,

ERL~0396~TR

is

An element

of sea background dA; is represented by part of the area of ths inside

surface of a segment of a sphere of large vadius R, (figure II.2).

If the element dA; is at ¢ declination and p azimuth (figure 1I.2), the

radiation falling onto dA; from dA, is:

dA (cos¢ cosp cosa = sing cosp sina) dA,F
R,?

whare
dA; = R;® cosp d¢ dp cm?
and

Ay
T Cy AT Bid)
F = 4 L3 " BAd)
L] axp C./).Tl
A

Wosr !

where T' is the absolute temperature of the ses surfacs.
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The snergy falling onto dA, from the wholas segment at ¢ i»

L L]
+ +5
de; = |dA, co-uj. cosd coslp dedp - sina./ sin¢ cos?p dedp| W
R _m
2 2
and from the whole lower hemisphere:
" L " U
2:0-2 + e+
BL m dA, | cosn j cosd cos'p dgdp = sina [ j. sing coslp dedp| W
" "
° = 0 -2

II.3 Reflectsd intensity

The total energy in the defined wavebard falling onto dA; which originates
from background is:

ET - Eu + EL W

A proportion of E., (1 =« c) is roflected from the surface, and if this

reflaction is assumed to be lambertian (diffuws) the reflected intensity at
any angle ¥ to the normal of dA, is:

dA,; conl(l-:)ET .
— W e

TREF 3,0y = o

1
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Figure 11.1 Geometry of aky background irradiance calculation
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Figure 11,2 Geomotry of sea background irradiance calculation
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APPENDIX III
DECLINATION OF SHIP REFERENCE POINT RELATIVE TO HORIZON

If the height of the missile and ship referance point above sea lavel are 2y
and e respectively, and R is the distance between the two points, the
declination GR of the refarence point (from the horisontal) is, raferring to

figure III.1:

R + (RB + l")‘ - (RE + .R).
R(z, + Ry

"1
dR = ain

vhere Rrl is the radius of the Earth,
This reduces to:

8 = lin"(—.uk—.&)

when S By and R are small compared with Rg.

From figure III.2 the declination of the horigon (from ths horisontal) is:

R
by = con | b
" cos ( —T, >

The horizon is therefors pusitionsd at an angle (GRH) in the image (or output)
plane above tha refarance point given by:
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Figure I11.1
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